We report radio frequency ͑rf͒ electrical readout of graphene mechanical resonators. The mechanical motion is actuated and detected directly by using a vector network analyzer, employing a local gate to minimize parasitic capacitance. A resist-free doubly clamped sample with resonant frequency ϳ34 MHz, quality factor ϳ10 000 at 77 K, and signal-to-background ratio of over 20 dB is demonstrated. In addition to being over two orders of magnitude faster than the electrical rf mixing method, this technique paves the way for use of graphene in rf devices such as filters and oscillators.
rf nanoelectromechanical systems ͑NEMSs͒ are promising in many areas, such as sensing, studies of fundamental physics, and analog high-frequency signal processing.
1,2 For NEMSs, robust transduction of the mechanical motion represents a central challenge; methods employing optical interferometry, 3 scanned probe microscopy, 4 magnetomotive readout, 5 piezoresistive downmixing, 6 single electron transistors, 7 and quantum point contacts 8 have been previously demonstrated. In addition, shrinking NEMSs down to the smallest scales offers advantages in frequency and responsivity. To this end, carbon nanotubes and graphene ͑cyl-inders and single atomic sheets of carbon, respectively͒ have generated considerable interest due to their intrinsically small size and excellent mechanical properties. 9 In addition, these materials possess gate-tunable conductance, which enables fully electrical readout of mechanical motion. 10, 11 However, the high device resistances and large parasitic capacitances in these systems have necessitated the use of an electromechanical downmixing technique. This technique, although proven useful, limits the measurement bandwidth ͑ϳ1 kHz͒, making these measurements very time consuming, and is not applicable to rf applications ͑e.g., filters 2 and oscillators 12 ͒. Here, by employing a local gate to reduce the stray capacitance, we demonstrate direct readout ͑i.e., carried out at the resonant frequency͒ of graphene rf NEMS resonators.
The device geometry is shown in Fig. 1͑a͒ . The fabrication process starts with dry growth of 100 nm oxide on high resistivity ͑10 k⍀ cm͒ silicon wafers, followed by patterning and deposition of a gate electrode. Another 200 nm of oxide, which buries the gate electrodes, is then deposited by plasma-enhanced chemical vapor deposition. Source and drain electrodes are then patterned on top of the gate. Finally, a dry etch process is used to open a trench ͑200 nm deep͒ between the source and drain contacts, as well as wirebonding windows for gate electrodes. Following substrate fabrication, graphene is deposited onto the electrodes by mechanical exfoliation, 13 and suitable flakes are located by optical microscopy. An advantage of this process is that the graphene is never exposed to polymer resists, and so remains cleaner than graphene that is contacted by lithography. Finally, the device is loaded into a variable-temperature highvacuum ͑Ͻ10 −7 Torr͒ probe station. Figure 1͑b͒ shows the gate dependence of dc electrical conductance ͑G͒ of a monolayer graphene flake, as a function of gate dc bias ͑V g ͒, measured at 77 K, and the inset shows the differential conductance.
The circuit used to drive and detect the mechanical oscillation of the graphene is shown in Fig. 1͑a͒ : A dc voltage V d is applied to the drain. A rf drive with amplitude Ṽ g of frequency / 2 generated by a network analyzer ͑HP 3577A͒, and a dc voltage V g are combined using a bias tee and applied to the gate. The output current is split into dc and rf components using a second bias tee, and the rf component Ĩ is fed into the input of the network analyzer. The measured transmission of the device is then S 21 =50 ⍀ϫĨ/ Ṽ g , where the factor of 50 ⍀ is due to the network analyzer input impedance. Figure 2͑a͒ shows the measured ͉S 21 ͉ of a monolayer graphene device as a function of drive frequency, measured at 77 K. The mechanical resonance appears as a peak ϳ7 dB in amplitude. This signal-background ratio is comparable with a previously reported balanced bridge scheme.
14 A significant advantage of direct rf readout is measurement speed: The measurement time for the data shown is 1 s, whereas in our previous studies of graphene NEMSs using the mixing a͒ Electronic mail: jh2228@columibia.edu. technique, 11 a comparable data set typically required ϳ240 s. Figure 2͑b͒ shows the dependence of dependent ͉S 21 ͉ on frequency and V d . The resonance appears as a peak for positive V d and a dip for negative V d , and disappears at V d =0. For this device, the background signal is largely independent of V d . The measured dispersion ͑V g dependence͒ of the resonant frequency is shown in Fig. 2͑c͒ . In this device, the dispersion is negative. In general, both positive dispersion ͑due to tensioning of the graphene membrane͒ and negative dispersion ͑due to a voltage-induced decrease in the effective spring constant͒ can be observed.
11,15 Figure 2͑d͒ shows the measured ͉S 21 ͉ with small drive power ͑−55 dB m͒, at 77 K. The quality factor ͑Q͒ reaches ϳ10 000. The large dip ͑more than 20 dB͒ shows that the proposed method has ultrahigh sensitivity in detecting the small signals involved in NEMS measurements.
We now turn to the analysis of the measured data. In a simple linear oscillator model, the capacitive force from the rf drive should induce an oscillation in the graphene membrane with amplitude
Here, m is the mass of graphene resonator, C g and z 0 are the capacitance and distance between suspended graphene and gate, respectively, 0 and Q are the resonant frequency and quality factor of graphene mechanical resonator, and is the frequency of driving force. The rf current consists of four separate terms, of which the first two are of purely capacitive and the last two depend on the active nature of the graphene channel, i.e., its gate-tunable conductance.
The first term is the capacitive background signal, where C tot is the total capacitance between the gate and the drain. The small parasitic capacitance ͑ϳ10 fF͒ ͑Ref. 16͒ due to the local back gate ensures that this term is small enough to enable detection of the mechanical signal. The second term arises from mechanical oscillation of the graphene, which induces a rf current by modulation of the gate capacitance. This effect is commonly used to detect the motion of microelectromechanical system ͑MEMS͒ devices, and for MEMSbased signal processing. 2 The third term in Eq. ͑2͒ is purely electrical, while the fourth term is mechanical: As the graphene vibrates, the oscillating gate capacitance modulates the conductance.
The data shown in Fig. 2 allow us to discriminate among the four sources of the rf current. First, we note that the third and fourth terms disappear at V d = 0. At this point, the peak from the mechanical resonance disappears as in Fig. 2͑b͒ , indicating that the second term in Eq. ͑2͒ is negligible. We do observed very weak resonance while V d = 0 with larger-size samples, suggesting the effect from the second term. This observation highlights a key advantage of graphene: Capacitive methods used for MEMSs show difficulty when scaling down to the nanoregime, but graphene's gate-tunable conductance enables readout even in these ultrasmall devices. Away from the resonant frequency, the variation with V d allows discrimination between the two background origins, i.e., first and third terms in Eq. ͑2͒. In this device, the background is largely independent of V d , indicating that the third term is also negligible ͑in other devices, a variation of up to ϳ50% can be observed, indicating comparable contributions from both terms͒. From Eq. ͑2͒, it is straightforward to understand why the mechanical resonance can appear both as a peak and a dip. At the resonant frequency, the oscillation amplitude is purely imaginary, so that first and fourth terms are in phase. Considering the factors from Eq. ͑1͒, the fourth term in Eq. ͑2͒ varies as jV d V g 2 ͑dG / dV g ͒. For positive V g , this term is negative for negative V d , leading to a dip, and positive for positive V d , leading to a peak, as observed ͓Fig. 2͑b͔͒. Likewise, for positive V d , the resonance appears as a dip for negative V g and a peak for positive V g , due to the behavior of the dG / dV g term ͓Fig. 2͑c͔͒. Finally, ͑vector͒ subtraction of the background using both the amplitude and phase of the measured signal permits extraction of the absolute oscillation amplitude, as shown in the inset to Fig. 2͑a͒ . In this device, z reaches ϳ0.22 nm at 33.27 MHz.
In summary, a direct electrical detection method for graphene mechanical resonators has been demonstrated. The device is operated as a resonant channel transistor, in which the effect of the oscillating capacitance is amplified by the transistor action of the graphene channel. Such a structure is reminiscent of both the resonant gate transistor, 17 which utilizes an oscillating metallic gate electrode, and the recently demonstrated resonant body transistor, 18 in which the entire transistor structure oscillates. Graphene devices differ from these CMOS-based structures in that they are orders of magnitude lower in mass, and have gate-tunable resonant frequencies. Further scaling down of graphene device size and optimization of the structure for lower parasitic capacitance and higher transconductance may enable readout of graphene NEMSs in the gigahertz range 19 for use in wireless communication and studies of fundamental physics. 
